Thermoresponsive hydrogels have enormous potential e.g., as sensors, actuators, and pollution control remedies or in drug delivery systems. Nevertheless, their application is often restricted by physical limitations (poor mechanical strength and uncontrolled thermal response). Composite systems may offer a means of overcoming these limitations. This paper presents a systematic study of the structure and dynamics of graphene oxide-poly-(N-isopropylacrylamide) composite systems, and investigates the effect of the nanoparticle filler content on the mechanical and swelling properties of the systems. A combination of macroscopic (swelling and elastic modulus) and microscopic (differential scanning microcalorimetry, small angle neutron scattering and neutron spin-echo spectroscopy) investigations reveals that the architecture of the polymer network is modified by chain nucleation at the surface of the GO platelets, and these form a percolating network inside the gel. Our results show that the elastic modulus of the gels is reinforced by the filler, but the mobility of the polymer chains in the swollen state is practically unaffected. The macroscopic deswelling of the composites, however, is slowed by the kinetics of ordering in the GO network.
Introduction
Responsive hydrogels are three-dimensional polymer networks with high water content.
1,2 They exhibit a reversible volume phase transition (VPT) under certain conditions. 3, 4 This response can be induced by changing the environment, such as the nature of the swelling medium (composition, 5 pH 6 ), temperature, 7 electromagnetic field, 8 etc. Among temperature sensitive responsive hydrogels those based on poly-(N-isopropylacrylamide) (PNIPA) are distinguished by their peculiar volume phase transition temperature (TVPT) around 34 1C, close to the temperature of the human body. 9, 10 In the VPT of PNIPA, the swelling medium of the polymer, along with its dissolved ions, molecules, or drugs, is released into the surroundings. This property opens the route to various applications that require targeted delivery of drugs. The gels are relatively deformable and -owing to their high water content and the physiochemical similarity of the network to the native extracellular matrix -are potentially biocompatible. Although their properties make them excellent candidates for applications in drug delivery, 10, 11 sensors, 12 actuators, 13, 14 microvalves 15 and pollution control, they have certain drawbacks.
Their poor mechanical strength for example bars their use in load-bearing applications. Limited drug uptake and its nonuniform distribution within the system, particularly in the case of hydrophobic drugs, could also compromise certain applications. Furthermore, high water content combined with very wide pores often results in uncontrolled and/or undesirably rapid drug release, 16, 17 which can be detrimental in targeted drug delivery systems. These challenges may conceivably be overcome by composite hydrogels. Carbon nanoparticles are widely used as polymer fillers, with a positive impact both on the physical and the chemical properties of composites. Moreover, their density is low and they are easily recycled. Carbon black, consisting of almost pure elemental carbon, has been the most commonly used carbon filler for many years. 18 Graphite has also been used for a long time, mainly to enhance the thermal and electrical conductivity of polymers. 19 Recent developments in nanotechnology have raised interest in polymer composites containing carbon nanofibers and nanotubes. The carbon nanoparticles that have been the most intensely studied in the past few years are graphene and its derivatives. [19] [20] [21] [22] Nanocomposites containing members of the graphene family, especially graphene oxide (GO), [23] [24] [25] have become the focus of interest. GO is considered to be non-toxic and highly biocompatible, 26 which favours its use in biomedical applications. Moreover, incorporation of GO gives visible 27 or near infrared light sensitivity to the composite systems, [28] [29] [30] which extends their potential, for example, as NIR controlled 
Experimental

Graphene oxide (GO)
Graphene oxide (GO) was obtained by the improved Hummers' method 48 from natural graphite (Graphite Tyn, GK, China). The GO suspension was purified and mildly exfoliated by centrifuging 5 times (7000g) from 1 M HCl and 6-9 times (15 100g) from doubly distilled water, in order to remove unreacted graphite and inorganic salts. After the final washing and centrifugation step a light brown suspension with a GO nanoparticle content of B1 w/w% was obtained. Its C/O ratio, determined by XPS, was 2.2.
Gel synthesis
The PNIPA polymer gel was synthesised from the N-isopropylacrylamide (NIPA) monomer (Tokyo Chemical Industry, Japan) and the N, For the synthesis of a pure PNIPA gel with a cross-linking ratio [NIPA]/[BA] = 150, 18.75 ml of a 1 M aqueous solution of NIPA and 1.225 ml of a 0.1 M solution of BA were mixed with 4.9 ml of water and 25 ml of TEMED. Finally, 1.25 ml of a 10 w/w% solution of APS was added to the mixture, and polymerization took place at 20 1C. Films of thickness 2 and 4 mm and 10 Â 10 mm isometric cylinders were prepared. All chemicals were used as received, except NIPA, which was recrystallized from a toluene-hexane mixture. Doubly distilled water was used for the synthesis, purification and measurements. 38 To obtain hybrid gels with o20 mg of GO/g NIPA content the aqueous GO suspension of the required concentration was mixed with the precursor solution of the gel. The total volume of the precursor solution, including the GO suspension, was kept constant by adding the appropriate complement of water. Gels with the highest filler content (21 mg GO/g NIPA) were prepared by adding solid NIPA and BA directly to the GO suspension. The reaction medium was stirred in an ice-bath for 15 min after addition of each component. GO filled samples were polymerised and purified in the same way as the nanoparticle-free system. The nomenclature of the samples is listed in Table 1 .
Macroscopic characterisation
For the swelling experiments gel disks of diameter of 7 mm were cut from a 2 mm thick film. Prior to the experiment the disks were dried in order to determine their dry mass (m 0 ), and then reswollen in excess doubly distilled water thermostated at 20.0 AE 0.2 1C for one week. The equilibrium swelling degree was defined as m/m 0 , where m is the mass of the swollen samples.
The elastic modulus was measured on fully swollen isometric gel cylinders using an INSTRON 5543 mechanical testing instrument at ambient temperature. Samples were compressed by 10% of their initial height in steps of 0.1 mm with a relaxation time of 4 Â 4 s and a force threshold of 300 N. No barrel distortion was observed.
The macroscopic thermal response of the systems was tested by placing the samples (30 mm Â 40 mm, 4 mm thick, fully swollen in D 2 O at 25 1C) in closed quartz containers in an incubation oven at 41 1C for 3 weeks.
Differential scanning microcalorimetry (MicroDSC)
Scanning microcalorimetry measurements were made on ground samples using a MicroDSCIII apparatus (SETARAM, France). About 10 mg of dry gel sample were placed in contact with 500 ml of Millipore water and kept at 20 1C for 2 h to allow the gels to equilibrate in the swollen state and to obtain a stable baseline. The samples were heated to 50 1C at 0.03 1C per min scanning rate. Determination of the peak position and calculation of the specific enthalpy of the volume phase transition (DH VPT ) were performed using instrument software.
Neutron spin-echo (NSE) measurements
NSE measurements 49 where Q = (4p/l)sin(y/2), l being the incident wavelength of the neutrons (7.83 Å) and y the scattering angle. The Fourier-time range covered was 0.1-30 ns. The resolution functions of the instrument were determined for the different experimental conditions using the elastic scattering of graphite. The NSE method measures directly the intermediate scattering function I(Q,t) as a function of Q and the Fourier time t, i.e., it yields directly the time dependence of the density-density autocorrelation function. 51 The resulting intermediate scattering functions were corrected for the D 2 O background dynamics.
Small angle neutron scattering (SANS)
SANS measurements were performed on the D22 small angle instrument at the Institut Laue-Langevin. The gels were swollen in D 2 O in order to enhance the scattering contrast between the polymer and the matrix, and to minimize the incoherent background scattering. The incident neutron wavelength was 6 Å. Two sample-detector distances (17 m and 2 m) were used to cover the Q-range 0.004-0.5 Å
À1
. Raw SANS data were corrected for the empty cell, dark counts, sample thickness and detector efficiency. The corrected scattering data were normalized by the incident beam flux to obtain the scattered intensity in absolute units. Data reduction was done using the GRASansP v.7.04 program.
Results and discussion
Composite systems with various GO/polymer ratios were studied systematically. The influence of the nanoparticle content on the swelling ratio in pure water and on the elastic modulus of the composites is shown in Fig. 1 .
Increasing the GO content drastically decreases the swelling degree and increases the elastic modulus (Fig. 1a) . A similar trend is observed in pure PNIPA gels on increasing the crosslink density, 52 but the shapes of the responses are different (Fig. 1a and b) . Increasing the cross-link density of the PNIPA network (i.e., decreasing the molar ratio of [NIPA]/[BA]) monotonically changes the swelling degree and the elastic modulus, whereas when the GO loading is increased a plateau is observed in both quantities. Li also reported an increase in modulus when chemically modified GO is used as a co-monomer. 23 In gels with higher cross-link density (molar ratio of [NIPA]/[BA] = 35 instead of 150), addition of unmodified GO to the precursor solution results in an opposite tendency in both the swelling ratio and elastic modulus. 24, 25 In the present systems the elastic modulus and the observed swelling ratio are strongly correlated (Fig. 1c) . In pure PNIPA gels with different cross-link densities, the dependence of the modulus on the equilibrium polymer volume fraction f (f E 1/(r Â swelling ratio), taking r = 1.115 g cm À3 as the density of the dry polymer 38 ) could be described by an apparent power law with an exponent of B2.07, as expected under good solvent conditions. [52] [53] [54] In the GO@PNIPA systems the exponent is B3.2 (Fig. 1c) , which could perhaps be interpreted as a sign of the theta solvent condition. 55 This interpretation, however, is inconsistent with the rest of the observations. During the polymerisation the GO particles not only contribute to nucleating the reaction at their surfaces but also act as a filler in the network. With increasing GO content, the gel is reinforced by the filler and the architecture of the network is increasingly dominated by crosslink hypernodes, at the expense of the simple tetrafunctional crosslink structure that prevails with N,N 0 -methylenebisacrylamide alone. At the percolation threshold, the GO particles establish an interpenetrating network inside that of the polymer. Fig. 1a suggests that the percolation threshold of the GO occurs at a concentration of 10 mg g À1 dry PNIPA, i.e., roughly c p E 0.5 mg g
À1
of the swollen gel.
The MicroDSC measurements show that T VPT (33.8 1C) is unaffected by the presence of GO (Fig. 2) , which implies that, while part of the polymer chains are tightly bound to the GO surface, the rest remain freely surrounded by solvent and subject to excluded volume conditions. This picture is corroborated by the fact that in the pure PNIPA gel the enthalpy of the phase transition is unaffected by changes in cross-link density, 52 whereas when the GO content is increased DH VPT decreases monotonically ( Table 2 ). The observed decrease in enthalpy by 18.9 J g À1 in the 20GO@PNIPA sample implies that 21 mg of GO reduce the number of free chains by 27%. This means that GO immobilises more than 10 times its own mass of PNIPA. On the macroscopic scale the thermal responses of the two systems are substantially different (Fig. 3) . Whereas the pure PNIPA gel reaches its fully deswollen state after less than 2 h of incubation at 41 1C, almost no size change is observed in the GO@PNIPA systems within this timescale. By contrast, at longer times the highest GO content sample responds most strongly to the temperature increase, with a final size smaller than that of pure PNIPA. This is an unexpected result, since it is known that pure PNIPA gels in their high temperature deswollen state contain a significant fraction of trapped microscopic water droplets. 56 The present finding implies that the GO, by matching the hydrophobic/hydrophilic character of PNIPA, mediates the expulsion of the trapped water. However, the timescales are different in the two cases. In the pure PNIPA gel deswelling is governed by simple mechanical expulsion of the solvent, 57 whereas deswelling in the filled system is slowed by the kinetics of the collapse and stacking of the GO filler network. It should nevertheless be emphasized that the smaller final swelling ratio of the filled gels is the consequence not of the cross-linking by the GO but rather of the improved evacuation of water from the network. This implies that, in the collapsed state, the PNIPA chains are oriented by the GO surfaces.
To explore the structural differences caused by incorporating GO into the polymer matrix, small angle neutron scattering (SANS) measurements were performed on selected samples. In scattering experiments the detected signal depends on the contrast between the particle and the solvent. In the case of neutron scattering this contrast is defined by the difference in scattering length density (r) between the components. The value of r of the PNIPA matrix is significantly different from that of the swelling medium, namely D 2 O (Table 3) , resulting in a strong scattering signal. In the composite samples, which are ternary systems, the signal is still dominated by the PNIPA signal. As seen in Table 3 and Fig. 4a the neutron scattering contrast between GO and D 2 O is weak, and the overall signal therefore originates almost exclusively from the polymer, even in the composite systems.
Small differences are visible in the shapes of the SANS response curves of the three investigated systems (Fig. 4a) . The continuous lines through the background-subtracted data (Fig. 4b) are the modified Ornstein-Zernike (OZ) expression (eqn (1)), 55, 58 which yields a good fit to all three curves in the . The deviation in the lowest Q region (Q o 0.01 Å À1 ) stems from the well-known concentration inhomogeneities due to cross-linking in gel networks. 59 In the OZ model the scattered intensity can be described by
where I(0) and B are Q-independent constants, x is the static polymer-polymer correlation length and p is the fractal dimension of the polymer coils. While x exhibits only a very small change at low GO content, it decreases by nearly 30% in 20GO@PNIPA (Table 4 ). Fig. 7 shows this variation as a function of swelling ratio (i.e., inverse polymer concentration). The power law dependence is stronger than that predicted by scaling theory (x p c À1.1 as opposed to x p c À0.75 indicated by scaling theory 54 ). In our nanocomposite systems, however, the composition of the samples is not identical, and the data therefore do not represent the same sample at different degrees of swelling.
The exponent p = 5/3 in eqn (1) is also consistent with the excluded volume interaction for polymer chains in good solvent. 54, 55 In summary, the concentration dependence of the correlation length x and the excluded volume character of the exponent p imply that the network chain statistics of the gel on a length scale of 1/Q o 100 Å are not affected by the GO. The dynamic behaviour of the PNIPA matrix was explored by neutron spin-echo (NSE) spectroscopy. The NSE method measures the energy transfer of neutrons at extremely high energy resolution as a phase shift in the Larmor precession of the neutron spins in a magnetic field. 51 The intermediate scatter-
ing function I(Q,t) is defined by eqn (2), as a function of Q and the Fourier time t:
where N is the number density of the system and h. . .i means an ensemble average. The I(Q,t) curves obtained for the pure PNIPA gel, as well as for samples 5GO@PNIPA and 20GO@ PNIPA, normalized by the signal (I(Q,0)) of a fully elastic scatterer, are displayed in Fig. 5 . As already noted, the scattering contrast between the GO and pure D 2 O is small. Moreover, in the Q-range covered by the NSE measurements, the signal of the GO is matched with the solvent (see the shaded area in Fig. 4a ). The observed dynamics can therefore be attributed exclusively to the motion of the chains in the polymer gel. In all three cases the curves I(Q,t)/I(Q,0) can be fit by a single exponential function IðQ; tÞ IðQ; 0Þ / expðÀGtÞ:
In the pure PNIPA gel (Fig. 5a ) the curves decay to zero, indicative of practically ergodic behaviour, i.e., there is no frozen-in component.
59 Fig. 1 shows that GO affects the elastic properties of the composite systems on the macroscopic scale. At the microscopic level, by contrast, the NSE results indicate that the motion of the polymer chains is only partially affected. For 20GO@PNIPA, the intermediate scattering functions (Fig. 5c ) decay to a baseline value of 0.05, which corresponds to 5% immobile fraction. The GO content of this sample is about 2 w/w% of the dry content, i.e., 0.1 w/w% of the swollen gel. Comparison of these findings with the microcalorimetry results of Table 1 suggests that the GO hypernodes may also partly immobilize the gel network immediately surrounding them. In the case of 5GO@PNIPA the NSE curves appear to decay to zero (Fig. 5b) , as in the pure PNIPA gel. The GO content of this gel is about 0.5 w/w%. This implies a baseline of 0.005, which is beyond the accuracy of the measurements. The measured relaxation rates (G = 1/t) are proportional to Q 2 ( Fig. 6) , characteristic of diffusive motion. The diffusion coefficient (D diff ) is obtained directly from the linear fit
With increasing GO content, owing to the lower degree of swelling, D diff increases slightly (Table 4 ). The hydrodynamic correlation length of the samples (x H ) is determined from the Stokes-Einstein relation
where k B is the Boltzmann constant, T is the absolute temperature, and Z is the viscosity of the medium (Z D 2 O,25 1C = 1.095 Â 10 À3 N s m À2 60 ). Like the static correlation length, x H decreases with increasing GO content (Table 4) , albeit with a smaller exponent (x H p c À0. 43 ) than predicted by scaling theory (Fig. 7 ), but consistent with dynamic light scattering measurements on pure PNIPA gels. 52 This suggests that the dynamics of the polymer chains is hindered only marginally by the GO sheets.
On combining these observations with macroscopic results we can conclude that GO forms a strong bonding with the PNIPA chains. As the GO concentration is low even at the highest loading, it does not affect the overall movement of the polymer chains. However, it does hinder their motion in the immediate surroundings. The reason for this may be that some of the PNIPA chains remain linked to the GO surface, even in the swollen state (Fig. 8) .
Conclusions
Graphene oxide (GO) containing composite PNIPA gels were prepared and characterized both on the macro-and the nanoscale size range. Increasing the GO content reduces the swelling capacity and increases the elastic modulus of the gels. The relationship between the two properties can be described approximately by a power law with exponent B3.2. This unusual behaviour is attributed to changes in the architecture of the polymer gel with the build up of an interpenetrating GO network in which the polymer matrix develops through chain nucleation at the surface of the GO. This picture is consistent with MicroDSC measurements, which show that the volume phase transition temperature of the mobile PNIPA segments is unaffected by the presence of GO, while, conversely, as the amount of bound polymer increases with increasing GO content, the enthalpy of the volume phase transition decreases. The fraction of hindered chains that are prevented from participating in the VPT amounts to more than ten times the mass of the GO filler. In the composite gels, the GO mediates the evacuation of water in the high temperature collapsed state, which, in pure PNIPA, would otherwise remain trapped in the network in the form of microscopic droplets. This implies that the collapsed PNIPA chains are oriented by the GO surfaces. The neutron scattering observations in the swollen state show that, as the gel deswells with increasing GO content, the static polymer-polymer correlation length x decreases according to scaling theory. The shape of the neutron scattering response is also fully consistent with scaling predictions for excluded volume interactions. The hydrodynamic properties of the network chains measured by neutron spin-echo spectroscopy are also consistent with those of the unfilled polymer gels. The correlation functions obtained from this technique also display a static component that corresponds to about 5% of the network chains in the gel that are immobilised on the GO surface. It may be speculated that the platelet structure of the GO filler modifies the hydrodynamic flow field in the vicinity of the polymer chains. Numerical comparison between the neutron spin-echo measurements and the MicroDSC measurements suggests that not all the hindered PNIPA chains are necessarily immobilized on the surface of the GO. Crowding of the chains near the surface could give rise to partial associations, which would contribute to the reduction in enthalpy at the transition.
